Attempts were made to measure the fraction of elemental carbon (EC) in ultrafine aerosol by modifying an Ambient Carbonaceous Particulate Monitor (ACPM, R&P 5400). The main modification consisted in placing a quartz filter in one of the sampling lines of this dual-channel instrument. With the filter all aerosol and EC contained in it is collected, while in the other line of the instrument the standard impactor samples only particles larger than 0.14 mm. The fraction of EC in particles smaller than 0.14 mm is derived from the difference in concentration as measured via the two sampling lines.
Introduction
There is an indication that particles with a diameter smaller than 0.1 mm, the ultrafine (UF) primary particles, affect human health (Peters et al., 1997) . Ultrafine particles are generated by diesel traffic and this type of transport appears to be correlated with health effects in children (Hoek et al., 2002) . As a marker for fresh diesel emissions, black/elemental carbon (EC) is used, but it is likely that UF carbon is a better marker. The reason is that the fraction of black/EC in the UF particles is much larger inside cities than at regional sites (e.g., Berner et al., 1996; Hitzenberger and Tohno, 2001 ). However, there are not sufficient data to test the hypothesis that carbon in the UF fraction is a better marker for fresh diesel exhaust.
We report here a modification of an existing instrument, the Ambient Carbonaceous Particulate Monitor (ACPM, R&P 5400), to monitor the fraction of EC in UF aerosol. These efforts were made in the late 1990s and the present reporting may seem somewhat outdated. The reason for the late action is the doubt on the validity of the data on EC generated by an ACPM. However, in a recently published study on an intercomparison of methods to measure carbon in Europe, it was found that the average value for EC obtained with the ACPM was within the range of those of the other participants. Furthermore, the day-to-day correlation with the other data, which stemmed from standard 24-h filter sampling and off-line analysis, was very good (ten Brink et al., 2004) . The good performance of the ACPM prompted the present (re)analysis of the older EC data.
Experimental

ACPM and modification
ACPM (Rupprecht & Pataschnick, type 5400) is a dual-channel instrument that consecutively samples aerosol in one of the two lines. Sampling occurs with impactors that have a cut-off diameter of 0.14 mm. While collection occurs in one channel, aerosol is analysed in the second, identical, line. The analysis consists in combustion of the carbon via a two-step procedure. In the first step the more easily combustible organic carbon is oxidised and measured as carbon dioxide. EC is defined as the carbon that remains after the first combustion step. The temperature of the first oxidation can be varied, but its default setting is at 340 1C, according to the original approach of Cachier et al. (1989) for a two-step oxidative procedure to discriminate carbon into EC and OC. In the second oxidation step, at a temperature of 750 1C, EC is determined. A more detailed description of the instrument and its longterm performance as a monitor can be found in Holler et al. (2002) .
We made use of the dual-channel feature of the ACPM for measurement of the EC in the UF fraction, via the following modification. In one of the sampling lines the impactor was replaced by a quartz fibre filter. Unlike the impactor, this filter collects aerosols of all sizes. The ultra-fine fraction of EC can then be determined from the difference in concentration measured in the filter and impactor lines.
We checked the performance of this modification. The instrument blank was determined by sampling particlefree ambient air. The random variations in the EC blank of the line with filter had a standard deviation (SD) of 0.04 mg m À3 for a 24-h aggregated value, which translates to a LOD (three times the SD value) for EC in the line with a filter of 0.12 mg m À3 , which is not statistically different from that in the line with an impactor of 0.11 mg m
À3
. There may be a question on the validity of EC data obtained with the ACPM in view of the current debate around the uncertainties in determination of the actual value of EC (e.g., Chow et al., 2004; Schmid et al., 2001 ). We do not pretend that the values obtained with the modified ACPM are the correct ones. However, we use the difference in concentration in the two channels to derive the fraction, which can be highly significant as long as this difference is large compared to the LOD.
A difference method is only meaningful when the analysis of samples in the two channels is highly comparable. We checked this comparability, prior to the modification, by measuring the carbon content of ambient aerosol at our laboratory site that is remote from direct sources. As a further check we used a second ACPM of which the sampling was desynchronised with that of the design ACPM. It was found that over a period of a month the correlation in the concentrations obtained via the two channels of the design ACPM was close to unity, but also the correlation of the concentrations obtained with the second instrument was high (0.98 R 2 ) (Even et al., 1998) . Attempts were made to measure the UF fraction of OC in a way similar to that for UF-EC. Organic carbon (OC) is defined as the carbon oxidised in the first step. In fact, quite some time also at the field testing site was devoted to tests to obtain artefact-free measurement of the OC component. The reason is that OC is the major carbon component. We had hoped that the use of a denuder, made after a design by Eatough et al. (1993) , would lower the blank to values that would permit assessment of OC. However, large artefacts in the filter line were observed, even in the impactor line. This precluded evaluation of the fraction of OC in the UFs and hence also assessment of the fraction of total carbon.
Field testing
The modified ACPM was tested within the framework of the larger ULTRA study on the health effects of PM (de Hartog et al., 2003) . The measurements were made in a south-eastern suburb of Amsterdam (The Netherlands). The monitor was inside a brick shelter on the roof of a two-storey elderly home. This home is located at a distance of approximately 1 km from major thoroughfares. The inlet line for the ACPM was as short as possible to prevent losses of UF particles. A full description of measuring site and meteorological conditions can be found in report ECN-R-00-01 (available on the web as www.ecn.nl/docs/library/report/2000/r00001.pdf).
Measurements were performed from the end of December 1998 until the beginning of March 1999. The standard sampling duration per line of the ACPM was 1 h; only at the onset of the measurements a 3 h cycle was applied. The number of days with data is limited, because of periodic malfunctioning of the monitor combined with a low frequency of servicing (limited to once or twice a week). As a matter of fact we experienced the same complications as mentioned by Holler et al. (2002) operating the instrument at a seemingly quite similar suburban setting. The most severe problems encountered were leaking valves and failure of the lamps used for heating. As discussed above, we also spent substantial time on attempts to eliminate artefacts in the sampling/measurement of OC.
The blanks for EC were periodically checked, for a period of a day, with aerosol-free ambient air, with and without a denuder. The aerosol-free air was produced by placing a high-efficiency filter in the sampling line. The blank values and variations in these values were very similar to those mentioned above for the testing at the laboratory and there was, hence, no indications of a sampling artefact for EC in any of the two lines of the instrument.
Results and discussion
Data (on EC) were obtained during two periods in the campaign, of which the last, a 3-week run in February, is the most relevant because of the hourly cycling between filter and impactor line. The concentrations of EC stemming from the two channels are shown in Fig. 1 . It can be seen that there is a clear difference in concentration in the two channels, with concentrations in the impactor line being systematically lower. To further illustrate this, the average concentration per hour over the whole of the measuring period is displayed (Fig. 2) . Overall, the EC concentration obtained in the channel with the filter was 1.23 versus 0.67 mg m À3 in the line with the impactor. The actual value of these data may be questionable, but of importance is the difference in concentration. The estimated combined uncertainty in this difference, on the basis of the LOD mentioned above, is less than 4%, meaning that the difference is highly significant.
More illustrative for the systematically lower values in the impactor line is the scatter plot of the data in the two lines provided in Fig. 3 , where the values aggregated to daily concentrations are shown. The average ratio of the concentrations in impactor and filter line, represented by the broken line, is 0.6. This indicates that, by difference, on average 40% of EC is too small to be collected by the impactor and thus is ''ultrafine'' EC. A similar result was found for the measuring period in December in which the measuring cycle was 3 h per channel. There could be alternative explanations for the difference in EC between the two sampling lines. These, however, can be excluded as discussed below.
ARTICLE IN PRESS
(1). There could have been a systematically higher ambient EC concentration in the hours when sampling occurred via the filter line, especially during rush hours. However, the data do not show a maximum at that time, see Fig. 1 . To further check for temporal bias we used data for black carbon obtained with an aethalometer at a similar suburban site near the city of Utrecht in the same period. There are indeed indications for a rush hour peak in BC in the period 8:00-9:00 AM. However, this is the time that in our experiment the ACPM is sampling via the impactor line, but even then the values are less than those in the filter line in the hour preceding and following this period. There are two instances of large differences in concentration in consecutive hours in impactor and filter line, see Fig. 1 . It is not certain whether this is a question of outliers. Anyhow, these values do not significantly affect the average difference. (2). An alternative explanation of the difference in the signals in the two channels could be a difference in the extent of oxidation of the collected carbonaceous material. This should be a function of loading and, as seen in Fig. 2 , the difference in the two lines is independent of the concentration. (3). Another reason of the difference could be that the impactor samples less EC because of recoil (bounceoff) of these, solid particles, in the impactor. This is the reason that in a nitrate monitor, which is very similar to the ACPM, the aerosol is humidified to make the aerosol more adherent (Stolzenburg and Hering, 2000) . Bounce of particles is very unlikely in The Netherlands, because the impaction surface will be covered with wet sticky aerosol particles, in the form of viscous hygroscopic ammonium salts that co-deposit with the EC particles (ten ). The deposit is viscous as long as the relative humidity exceeds or is near the deliquescence ARTICLE IN PRESS humidity of the mixed salt, which is close to 55% RH (Dougle et al., 1998) . Such a meteorological situation was indeed the case in the test-period with its minimum RH of 62%.
After clarifying that the difference in EC concentration in the two lines is due to the collection of UF-EC in the filter line, we may now analyse this difference. This difference is graphically the vertical distance of a point to the 1:1 line in Fig. 3 . It can be deduced from the figure that there is quite a day-to-day variation in the fraction of UF-EC for similar values of total EC. A longer data-set is required to see under which conditions the fraction of UF-EC, representing fresh emissions, is highest and whether this is correlated with health effects. It should be noted that, formally, UF aerosol are particles smaller than 0.1 mm in diameter. The cut-off diameter of the impactor in the ACPM is 0.14 mm. Thus, in the configuration we have used, not UF, but a slightly larger aerosol fraction was measured. It would be worthwhile to investigate whether the use of an impactor with cut-off at 0.1 mm, which has a higher pressure drop, is feasible.
Conclusions
We modified an Ambient Carbon Particulate Monitor and made the first measurements of the fraction of EC in particles smaller than 0.14 mm. In this field test, in suburban Amsterdam, on average 40% of the EC was in UF particles (particles smaller than 0.14 mm). A large adsorption artefact in the filter line prevented meaningful interpretation of the data for organic carbon and hence those for ''total'' carbon. The conclusion of this study is that further modification to assess the true fraction of UF-EC, by installing an impactor with a cutoff diameter at 0.1 mm, is worth pursuing.
